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tentials (approaching the equilibrium potential for K
70 to 90 mV), thereby terminating the action po-
tential.
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KCNE1 and KCNE3 encode two members of the KCNEDepartment of Medicine
K channel accessory subunit family (also known asDepartment of Molecular Pharmacology
MinK and MirP2, respectively) (Abbott and Goldstein,Albert Einstein College of Medicine
1998; Takumi et al., 1988). Mutations in either KCNQ11300 Morris Park Avenue
or KCNE1 have been linked to or implicated in the con-Bronx, New York 10461
genital Long Q-T Syndrome. In the heart, KCNQ1 and
KCNE1 associate to form a slowly activating delayed
rectifying current (Barhanin et al., 1996; Sanguinetti etSummary
al., 1996). They are also co-expressed in the stria vascu-
laris in the inner ear and are critical for establishing thePotassium channels control the resting membrane po-
composition of endolymph in the scala tympani (Ney-tential and excitability of biological tissues. Many volt-
roud et al., 1997). There is evidence for a KCNQ1-KCNE3age-gated potassium channels are controlled through
complex in colonic epithelia with dramatically differentinteractions with accessory subunits of the KCNE fam-
functional properties (Schroeder et al., 2000).ily through mechanisms still not known. Gating of
Upon association with KCNE1, activation and deacti-mammalian channel KCNQ1 is dramatically regulated
vation kinetics of KCNQ1 are slowed by nearly two or-by KCNE subunits. We have found that multiple seg-
ders of magnitude. In contrast, KCNE3 accelerates gat-ments of the channel pore structure bind to the acces-
ing kinetics and causes a fraction of the channels tosory protein KCNE1. The sites that confer KCNE1 bind-
remain open at all voltages. These differences suggesting are necessary for the functional interaction, and
that KCNE1 and KCNE3 are interacting with critical com-all sites must be present in the channel together for
ponents of the gating machinery.proper regulation by the accessory subunit. Specific
The mechanism of action of KCNE-encoded proteinsgating control is localized to a single site of interaction
has been the subject of extensive investigation. Studiesbetween the ion channel and accessory subunit. Thus,
by Tai et al. and Wang et al. using cysteine scanningdirect physical interaction with the ion channel pore
of the KCNE1 transmembrane segment suggest thatis the basis of KCNE1 regulation of K channels.
KCNE1 lines the conduction pathway of the channel (Tai
and Goldstein, 1998; Wang et al., 1996a). Work by otherIntroduction
groups suggests that KCNE proteins lie outside of the
conduction pathway (Kurokawa et al., 2001; Tapper andVoltage-gated potassium channels are key regulators of
George, 2001), possibly interacting with the S4 segmentthe membrane potential and cellular excitability. Insight
of the channel or the S4-S5 linker (Chouabe et al., 2000).into the molecular determinants of gating has been
The indirect measurements used in each of these stud-gained from the crystal structures of homotetrameric
ies to monitor channel activity, such as channel blockbacterial voltage-gated K channels (Jiang et al., 2003a,
by cadmium, may account for the discrepancies in con-2003b). Unlike bacterial channels, many mammalian
clusions. No direct demonstration of interaction be-channels associate with accessory subunits that have
tween KCNE subunits and  subunits has been pro-important regulatory effects on their gating properties
vided: any of the previous results from functional
(Abbott et al., 1999; Barhanin et al., 1996; Sanguinetti
mutagenesis could be ascribed to distant conforma-
et al., 1996; Schroeder et al., 2000). Mutations in both
tional changes in protein structure.
K channels or their accessory subunits cause human Previously, we localized the site of regulation of acti-
disease (Abbott et al., 1999; Bianchi et al., 1999; Charlier vation gating within the transmembrane segment of the
et al., 1998; Chen et al., 1999, 2003b; Curran et al., 1995; KCNE accessory subunits (Melman et al., 2001, 2002).
Donger et al., 1997; Flagg et al., 1999; Isbrandt et al., Using chimeras of KCNE1 and KCNE3, we exploited the
2002; Kharkovets et al., 2000; Krahn et al., 2000; Lees- different gating control that KCNE1 and KCNE3 exert
Miller et al., 2000; Neyroud et al., 1997; Sesti et al., 2000; over KCNQ1. We showed that a critical residue, T58 of
Wang et al., 1996b). KCNE1 and V72 of KCNE3, conferred the specific control
To better understand the mechanism of gating in of activation kinetics.
mammalian channels, we examined the interaction of In the present study, we have made chimeras of
two members of the KCNE family of accessory subunits KCNQ1 and K channels that do not associate with or
with one of the principal repolarizing channels of the are not regulated by association with KCNE1. The
heart, KCNQ1 (also known as KvLQT). The channels KCNE-encoded subunits associate with the channel via
formed by KCNQ1 and KCNEs open in response to a an extended binding interface comprising structures
change in transmembrane voltage during an action po- both within the channel pore as well as its carboxyl
tential, allowing potassium ions to leave the cell. This terminus. Our results show that the S6 segment within
cation efflux returns the cell membrane to negative po- this region of the channel contains a crucial point of
contact with the accessory subunits to mediate control
of activation gating.*Correspondence: mcdonald@aecom.yu.edu
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We also examined the chimera channel association
with KCNE3 (Figure 2C) and found that the same regions
of KCNQ1 conferred binding to KCNE3. Therefore, mem-
bers of the KCNE-encoded subunit family occupy similar
sites in the channel complex (Figure 2B, lanes 3–6).
A chimera of the transmembrane segments S1–S4 of
KCNQ1 and Kir2.1 did not bind to KCNE1 (Figure 2D,
lane 3), indicating that these portions of KCNQ1 do not
cause subunit binding. The cytoplasmic N terminus of
KCNQ1 also did not confer binding of Kir2.1 to KCNE1
(Figure 2D, lane 4). Thus, only structures either lining or
located in proximity to the ion conduction pore exhibit
physical association with KCNE-encoded subunits.
We then constructed chimeras containing portions of
KCNQ1 spliced into the channel Kv1.4 (Figure 3A). Co-
IP experiments show that KCNE1 binds to Kv1.4 chimeraFigure 1. Binding Specificity of KCNE1 to K Channels KCNE-
channels containing the same KCNQ1 regions that con-Encoded Proteins
fer binding to Kir2.1 (Figure 3B). We concluded that theTop gel shows immunoblot of precipitated myc-tagged  subunit;
middle gel shows immunoblot of FLAG-tagged KCNE-encoded sub- ability of KCNQ1 pore structures to confer binding to
unit that coprecipitated with the  subunit; lower gel shows immu- KCNE1 is not limited to just Kir2.1 and that these struc-
noblot of KCNE-encoded subunit from original detergent lysate of tures may mediate the physical binding of KCNQ1 and
transfected HEK cells confirming expression. Lane 1, control experi- KCNE-encoded subunits in vivo.
ment performed with GFP-transfected HEK cells and no KCNE1;
We compared the immunofluorescence patterns oflane 2, KCNE1 with Kv1.4; lane 3, KCNE1 with Kv1.5; lane 4, KCNE1
the wild-type channels and the chimera channels thatwith Kir2.1; lane 5, KCNE1 with KCNQ1 (KCNQ1); lane 6, KCNE1
with KCNQ4. bound the KCNE proteins. Both wild-type and chimeras
showed labeling patterns characteristic of membrane
proteins, localizing in the ER and Golgi and on the cell
periphery. These results suggest that both the wild-typeResults
and chimera proteins were trafficking to the plasma
membrane. The binding to KCNE subunits was thusDeterminants of KCNE1 and KCNE3
most likely due to the KCNQ1 sequences in Kir2.1 andBinding to KCNQ1
Kv1.4 rather than altered trafficking with nonspecificWe first sought to determine the region(s) of the KCNQ1
aggregation of these proteins (Figure 3C). Furthermore,channel responsible for physical association with KCNE1
when excess HA-tagged KCNE1 subunit was co-ex-and KCNE3. KCNEs were coimmunoprecipitated (co-IP)
pressed with the KCNQ1 (S5 through C terminus)/Kir2.1with co-expressed K channel  subunits (Figure 1) to
chimeras plus FLAG-KCNE1, there was suppression ofsearch for K channels that do not associate with
coimmunoprecipitation of FLAG-KCNE1 (Figure 3D).KCNE1 or KCNE3. K channel  subunits were tagged
Such a competition further supports a specific interac-with the myc-epitope for immunoprecipitation. KCNE1
tion between the KCNE subunits and the chimera chan-and KCNE3 were tagged with FLAG for immunoblot de-
nel  subunits.tection (Figure 1).
KCNE1 interacted strongly (as assayed by co-IP) with
KCNQ1, Kv1.5, and KCNQ4. No binding of KCNE1 was Functional Interaction of KCNE1 and KCNE3
with KCNQ1 Chimerasdetected to Kir2.1, an inward rectifying K channel, or
Kv1.4, a voltage-gated K channel (Figure 1, lanes 2 and While these studies delineated specific regions of KCNQ1
that could mediate the binding to KCNE-encoded pro-4). Multiple molecular weight bands on the FLAG-probed
gels represent variably glycosylated forms of KCNE1 as teins, we wished to determine whether these same re-
gions were also sufficient to allow the accessory sub-described (Takumi et al., 1991). As previously reported,
heterologously expressed Kv1.4 migrates with relative units to modulate channel kinetics. Despite high-level
expression and binding to KCNE-encoded subunits withmasses of 78 and 105 kDa on SDS-PAGE gels (Peri et
al., 2001). In addition, we variably observed a smaller expression at the plasma membrane (Figure 3C), the
chimeras did not carry ionic current.band of 50 kDa, which may represent a proteolytic deg-
radation product of Kv1.4. We hypothesized that the loss of function was due to
the two channels in the chimeras being too incongruous,Using either Kir2.1 (Figure 2A) or Kv1.4 (Figure 3A) as
templates, we spliced in regions of KCNQ1 and assayed resulting in the loss of critical channel structures. We
turned to KCNQ4, a channel with greater homology tothe ability of these regions to confer binding to KCNE1
or KCNE3. Substitution of KCNQ1 regions C-terminal to KCNQ1 (34.3% identity to KCNQ1, versus 11.8% identity
between KCNQ1 and Kv1.4). KCNQ4 physically associ-S5 conferred binding of Kir2.1 to KCNE1 (Figure 2B,
compare lanes 3 and 4). We spliced in successively ates with KCNE1 and KCNE3 with similar affinity to
KCNQ1 (Figure 1, lane 6). Neither association producessmaller regions of the channel, including a 27 amino
acid segment encompassing the KCNQ1 pore selectivity a change in activation kinetics (Figures 4B and 4F), in
contrast to the dramatic changes in activation gatingfilter. KCNQ1 pore structures are sufficient to allow
KCNE1 to bind to the channel complex (Figure 2B, seen when KCNE1 and KCNE3 associate with wild-type
KCNQ1 (Figures 4A and 4F).lanes 5–8).
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Figure 2. Chimeric Channels Identify Struc-
tures that Bind KCNE1: HEK Cells Were Co-
transfected with myc-Tagged Channel Sub-
units and FLAG-Tagged KCNE1 for Co-IP
Analysis
(A) Chimeras illustrated by schematic figures
with black for KCNQ1 and gray for Kir2.1.
(B) KCNE1 does not bind Kir2.1 (lane 3) but
does bind to Kir2.1 containing pore structures
of KCNQ1 including S5 through C terminus
(lane 4), S5-pore loop (lane 5), pore loop-S6
(lane 6), S5-S6 (lane 7), and pore loop (lane 8).
(C) KCNE3 binds to the same KCNQ1 struc-
tures as KCNE1. KCNE3 does not bind Kir2.1
(lane 2) but does bind when the same KCNQ1/
Kir2.1 chimeras contain S5 through C termi-
nus (lane 3), S5-S6 (lane 4), pore loop-S6 (lane
5), and pore loop (lane 6). Lane 7 is a negative
control showing lack of KCNE3 binding in the
absence of  subunit.
(D) KCNE1 does not bind to chimera channels
of Kir2.1 containing KCNQ1 portions S1-S4
(lane 3) or N terminus (lane 4). KCNE1 does
bind to Kir2.1 that contains KCNQ1 portions
of the C terminus (lane 2) and the pore loop
(lane 5). Lane 1 is a control showing that
KCNE1 does not co-IP in the absence of 
subunit. Lane 7, control with GFP-express-
ing cells.
We then spliced the regions of KCNQ1 that conferred ability of this C terminus to confer binding to Kir2.1
(Figures 2D, lane 2, and 4G, lane 5). To examine thebinding to KCNE1 and KCNE3 into KCNQ4 to determine
whether these regions could restore functional control involvement of the S6 segment of KCNQ1, which lies
between the selectivity filter and the C terminus, weof channel activation gating. KCNQ1 sequences from
S5 through the C terminus conferred the ability of KCNE1 spliced KCNQ1-S6 into Kir2.1 to produce a chimera that
also bound to KCNE1 (Figure 4G, lane 4). Thus, KCNE1and KCNE3 to regulate activation of KCNQ4 in a manner
similar to KCNQ1 (Figures 4C and 4F). Thus, KCNQ1 and KCNE3 associate and interact with an extensive
region of KCNQ1 to affect gating kinetics.regions C-terminal to S5 possess the requirements for
KCNE1 binding and functional interaction. We spliced
in smaller regions of the KCNQ1 pore apparatus to deter- Identification of Specific Interacting Sites
within the Binding Interface of KCNQ1mine whether the KCNQ1 binding segments were also
responsible for the functional effects of the accessory and KCNE1 and KCNE3
These data indicate that the ability of KCNE proteins tosubunits.
Insertion of KCNQ1 S5-pore-S6 only into KCNQ4 (re- modulate K channel activation kinetics is dependent
upon interaction with an extensive region of the channeltaining the KCNQ4 C terminus) produced a channel with
current similar to KCNQ1; however, the specific regula- extending from the pore-loop and surrounding trans-
membrane domains through the cytosolic C terminus.tion by KCNE1 and KCNE3 was altered (Figures 4D and
4F). Association with KCNE1 now no longer produces Our previous work had shown that a single amino acid
within the KCNE transmembrane domain accounted forcurrents with slowed activation kinetics. Moreover,
KCNE3 association with this chimeric channel also does the dramatically different effects of KCNE1 and KCNE3
on KCNQ1 activation gating (Melman et al., 2002), sug-not result in the same modulation as seen with the wild-
type channel. Swapping the KCNQ1 cytoplasmic C ter- gesting that this site perturbs a specific KCNQ1 struc-
ture in controlling its activation gating. This is seeminglyminus for that of KCNQ4 (Figures 4E and 4F) also pro-
duced a current that was not modulated by either KCNE1 at odds with an interaction occurring over the sizeable
interface outlined in Figures 2–4. We hypothesized thator KCNE3 (as normally seen with wild-type KCNQ1).
Taken together, these results suggest that the ability the critical accessory subunit residue (T58 of KCNE1
and V72 of KCNE3) was interacting with a similarly highlyof KCNE1 and KCNE3 to accurately modulate KCNQ1
is dependent upon sequences present in both the C localized region of the KCNQ1 gating machinery and
that this region was located within the extended bind-terminus as well as the conduction pathway of the chan-
nel. In support of the importance of the KCNQ1 C termi- ing interface.
To identify the precise portion of the interface respon-nus in the interaction with KCNE1 and KCNE3 is the
Neuron
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Figure 3. KCNQ1 Pore Structures Confer
Binding to Kv1.4
(A) Chimeras illustrated by schematic figures
with black for KCNQ1 and gray for Kv1.4.
(B) KCNE1 binds to Kv1.4 with KCNQ1 se-
quences from S5 through C terminus (lane 5),
pore loop and S6 (lane 6), and pore loop (Lane
7), but not to Kv1.4 (lane 4). Lanes 2 and 3:
positive control-two with Kir2.1 chimeras
containing indicated KCNQ1 sequences.
Lane 1, GFP-transfected HEK cells.
(C) Immunofluorescence reveals similar traf-
ficking of wild-type channels and chimeras.
Cells transfected with indicated myc-tagged
chimeras or wild-type channels were perme-
abilized and probed using indirect immuno-
fluorescence. Pairs of panels show photomi-
crographs with phase-contrast microscopy
on the left and fluorescence images on the
right. Arrowheads indicate cell surface.
(D) HA-tagged KCNE1 competes for the bind-
ing of FLAG-KCNE1 to KvLQT1-Kir2.1 chimera.
Immunoprecipitated myc-tagged KCNQ1/
Kir2.1 chimera containing S5 through C termi-
nus coprecipitates FLAG-KCNE1 in the ab-
sence (lane 3) but not the presence (lane 2)
of excess HA-KCNE1.
sible for channel control, we took a cysteine-scan ap- expressed alone shows their activation kinetics to be
nearly identical (wild-type t1/2  20  0.25 ms, n  10;proach to the S6 segment of KCNQ1. By aligning the
transmembrane segments of KCNE1 and KCNE3 with S338C t1/2  25  0.5 ms, n  10; for activation to half
max at an 80 mV depolarization; Figures 7A and 7B).the KCNQ1 S6, we identified that region of the channel
likely to be in close proximity to the key residues of Therefore, this mutation has comparatively little effect
on the gating kinetics of the channel  subunits whenthe accessory subunits (Figures 5A and 6A). Sequential
cysteine substitution of amino acids along this region expressed alone, yet has dramatic effects on the ability
of KCNE3 to modulate the channel.was performed in search of specific sites for functional
interaction between KCNQ1 and KCNE1 or KCNE3. KCNQ1-F339C also disturbed the regulation by
KCNE3. When co-expressed with KCNE3, this channelWhen co-expressed with either KCNE1 (Figure 6B) or
KCNE3 (Figure 5B), the activation kinetics of most of gave no measurable current (Figures 5B–5D), although
the  subunit expressed by itself was functionally similarthese channels were modulated by the respective ac-
cessory subunit comparable to wild-type KCNQ1. to wild-type (Figure 7C). When KCNQ1-S339C associ-
ated with KCNE1, the current resembled wild-typeThe current observed in cells co-expressing KCNQ1-
S338C with KCNE3, however, is dramatically different KCNQ1/KCNE1 (Figure 6B). This indicates that KCNQ1-
F339C is expressed, but the mutation transforms the(Figures 5B–5D, S338C). The constitutively activated
voltage-independent current is nearly abolished and the channel into one that is suppressed by KCNE3. Muta-
tions at the other positions tested did not disrupt therate of activation is greatly slowed relative to the cur-
rents obtained with the other cysteine-substituted ability of KCNE3 to modulate channel kinetics normally.
Thus, the cysteine scan uncovered a specific region ofchannels co-expressed with KCNE3. Comparison of
KCNQ1-S338C expressed alone with wild-type KCNQ1 the channel that affects the ability of KCNE3 to modulate
KCNE1 Interacts with KCNQ1 Pore
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cysteine mutants associated with KCNE1 resembled
wild-type slowly activating currents, indicating that the
mutations did not disrupt the ability of the protein to
modulate the channel. The one exception was KCNQ1-
F340C (Figures 6B–6D, F340C). The current produced
by KCNQ1-F340C with KCNE1 did not resemble the
wild-type current. This channel complex exhibited con-
stitutively activated voltage-independent component,
and the slow sigmoidal activation of wild-type com-
plexes were replaced by rapid monoexponential activa-
tion kinetics. Again, these functional effects were re-
stricted to mutation at this position, as mutations at
neighboring residues resulted in wild-type regulation by
KCNE1. A mutation of KCNQ1 at F340 to alanine was
recently shown to alter the channel’s affinity for drug
block by L-7, a finding that further supports our results
indicating the importance of this site in the interaction
with KCNE1 (Seebohm et al., 2003).
Both KCNE1 and KCNE3 also modulate the deactiva-
tion gating of KCNQ1. Specifically, the characteristic
“hook” caused by recovery from inactivation of KCNQ1
channels is eliminated, and monoexponential deactiva-
tion tail currents are seen. In addition, KCNE1 slows
the deactivation of KCNQ1, whereas KCNE3 accelerates
deactivation kinetics. Examination of the tail currents
(Figures 5 and 6) at 120 mV shows that certain of the
KCNQ1 mutations affected the modulation of deactiva-
tion kinetics by KCNE subunits. Deactivation of KCNQ1-
KCNE3 complexes proceeds with relatively rapid kinet-
Figure 4. Requirements for Functional Modulation by KCNE-
ics (deact  48.6  8.8 at 120 mV).Encoded Subunits Are Revealed in KCNQ1/KCNQ4 Chimeras
Deactivation kinetics of KCNE3 with most of the cys-(A–E) Left column shows schematics of KCNQ1/LCNQ4 chimera
teine mutants were similar, but kinetics were dramati-construction with KCNQ1 portions in black and KCNQ4 portions in
cally slowed by the S338C and F340C KCNQ1 mutationsgray. Left current traces show currents from cells expressing the 
subunits alone (homotetramers). Middle column of current traces (deact  257.1  7.6 and 145.8  12.6, respectively).
from cells co-expressing chimeric  subunits with KCNE1. Right We had previously shown that the control of activation
column shows current traces from cells expressing chimeric  sub- gating is highly localized to one critical residue in the
units with KCNE3 (KCNE3). The voltage protocol for each set of
KCNE transmembrane domain (Melman et al., 2002). Incurrents is schematically shown below.
addition, we had found that the control of deactivation(A) Wild-type KCNQ1. Scale bar equals 2200 pA, 6000 pA with
gating is also localized to the KCNE transmembraneKCNE1, 6500 pA with KCNE3.
(B) Wild-type KCNQ4. Scale bar equals 2200 pA, 2500 pA with domain, but that it is more complex and that surrounding
KCNE1, 1500 pA with KCNE3. regions of the KCNE proteins are important as well (Mel-
(C) KCNQ4 with S5-C terminus from KCNQ1. Scale bar equals 65 man et al., 2001, 2002). Thus, while the effects of these
pA, 135 pA with KCNE1, 200 pA with KCNE3.
cysteine-substituted KCNQ1 proteins on the ability of(D) KCNQ4 with S5-S6 from KCNQ1 and C terminus from KCNQ4.
the KCNE subunits to alter deactivation kinetics alsoScale bar equals 3200 pA, 2100 pA with KCNE1, 2600 pA with
supports the presence of a physical interaction at thisKCNE3.
(E) KCNQ4 with C terminus from KCNQ1. Scale bar equals 650 pA, site, the results of deactivation gating kinetics are more
850 pA with KCNE1, 1500 pA with KCNE3. difficult to interpret.
(F) Summary data showing the ability of KCNE1 to modulate activa- The cysteine substitutions of KCNQ1 S6 had only
tion kinetics as measured by change in rise time to half max upon
modest effects on the activation kinetics of the channelscotransfection with KCNE1.
in the absence of the KCNE1 or KCNE3 (Figure 7). F339C(G) The KCNQ1 C terminus or 6th transmembrane domains can inde-
KCNQ1 exhibited diminished whole-cell current densi-pendently bind KCNE1. Lane 1, GFP-transfected HEK cells control;
lane 2, Kir2.1; lane 3, Kir2.1 with the KCNQ1 pore loop; lane 4, Kir2.1 ties and caused an increase in inactivation; however,
with KCNQ1 S6 transmembrane domain; lane 5, Kir2.1 with the the activation gating of the channel is comparable to
KCNQ1 C terminus. that of the wild-type channel. Moreover, the pronounced
voltage-dependent inactivation disappeared when the
channel was associated with KCNE1 in a fashion compa-the channel. However, the reversal potentials of the mu-
rable to wild-type. Thus, the altered modulation of F339Ctated channels co-expressed with KCNE3 suggest that
by KCNE3 is a consequence of an altered interaction ofthey remain potassium selective (Erev  70  5.2 for
the  subunit with KCNE3 and not a consequence of an335C KCNQ1, 70.3  3.5 for 336C KCNQ1, 71.4  2.5
altered  subunit structure in the absence of its acces-for 337C KCNQ1, 73.5  0.8 for 338C KCNQ1, 76.8 
sory subunit. These results suggest that a 3 amino acid3.6 with 340C KCNQ1, and74.1 5.2 for 341C KCNQ1
segment of KCNQ1 S6 comprises a site of interactionwhen co-expressed with KCNE3).
with KCNE1 and KCNE3 that does not tolerate substitu-We also co-expressed the cysteine-substituted chan-
nels with KCNE1 (Figure 6). Currents observed with most tions. Each of the cysteine-substituted channels associ-
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Figure 5. The Functional Interaction with
KCNE3 Is Localized to a Site in KCNQ1 S6
(A) Alignments show S6 of KCNQ1 with KCNE3
transmembrane domain. Open squares indi-
cate residues mutated to cysteine. Circled
residues show mutations that perturb func-
tional interactions as illustrated by current
tracings. Shaded rectangle shows sequences
in KCNE3 that control specificity of activa-
tion kinetics.
(B) Current traces from cells expressing cys-
teine-mutated  subunits and KCNE3. Cur-
rents were induced from a holding potential
of 80 mV, and depolarizations from 100 mV
to 100 mV were applied; inset shows spe-
cific voltage protocol used. Scale bar repre-
sents 335C, 3800 pA; 336C, 3880 pA; 337C,
1300 pA; 338C, 3100 pA; 340C, 6100 pA;
3341C, 400pA.
(C and D) Bar graphs quantify functional ef-
fects of KCNE3 association with each KCNQ1
mutant quantified as the change in activation
kinetics (C) and appearance of voltage-inde-
pendent constitutively activated current (D)
(FC/VC, fraction of constitutive over total
current).
ated with KCNE1 and KCNE3, as evidenced by the func- KCNQ1 plasmid DNA produces nearly complete satura-
tion of the channel. Increasing the amount of KCNE1tional changes during co-expression (Figures 5 and 6).
To assay for relative differences in affinity for acces- produces no additional current or change (Figure 8A).
Co-expression of KCNE1 with KCNQ1-S338C at a 1:1sory subunits, we employed a functional approach
rather than the biochemical approach of co-IP, which molar ratio results in a fraction of channels not occupied
by KCNE1 with biphasic activation kinetics (Figure 8D)is less precise in detecting subtle differences. By
transfecting a nonsaturating amount of KCNE1 or despite unaltered protein expression (Figure 8E). A for-
mula to estimate the relative saturation of KCNQ1 com-KCNE3 cDNA with KCNQ1 or the cysteine mutants, we
observed whole-cell currents that represented ensem- plexes was applied to the relative amplitude of the two
phases, taking into account the fact that associationbles of bound and unbound KCNQ1 (Figure 8E). Under
conditions of limited KCNE1, the resulting current shows with KCNE1 causes a roughly 4-fold increase in the
single channel conductance (Figure 8E, inset; Sesti anda biphasic activation that fits exactly to a mathematical
summation of channel bound to KCNE1 (and activating Goldstein, 1998; Yang and Sigworth, 1998). The same
amino acids that alter the specificity of KCNE1- andslowly) and the second more rapidly activating channel
population, not bound to KCNE1 (compare Figures 8C KCNE3-mediated regulation also alter relative affinity
between the subunits, further supporting the key inter-and 8D). A 1:1 molar ratio of KCNE1 and wild-type
Figure 6. Analysis of KCNQ1 Cysteine Mu-
tant Modulation by KCNE1 Reveals a Single
Site Disrupting Activation Kinetics
(A) Alignments show S6 of KCNQ1 with
KCNE1 transmembrane domain. Open squares
indicate residues mutated to cysteine. Cir-
cled residues show mutations that perturb
functional interactions as illustrated by cur-
rent tracings. Shaded rectangle shows se-
quences in KCNE1 that control specificity of
activation kinetics.
(B) Current traces from cells expressing cys-
teine-mutated  subunits and KCNE1. Cur-
rents were induced from a holding potential
of 80 mV, and depolarizations from 100 mV
to 100 mV were applied; inset shows spe-
cific voltage protocol used. Scale bar repre-
sents 335C, 2000 pA; 336C, 590 pA; 337C,
4700 pA; 338C, 3900 pA; 339C, 750 pA; 340C,
3500 pA; 341C, 580 pA.
(C and D) Bar graphs quantify functional ef-
fects of KCNE3 association with each KCNQ1
mutant quantified as the change in activation
kinetics (FC/VC, fraction of constitutive over
total current).
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Figure 7. Cysteine Mutations that Alter Modulation by KCNE1 or
KCNE3 Leave Activation of the  Subunit Unaltered
Example currents from cells expressing cysteine-substituted
KCNQ1  subunits without KCNE-encoded subunits are shown in
(A)–(D).
(A) KCNQ1; scale bar equals 1700 pA.
(B) KCNQ1-S338C; scale bar equals 479 pA.
(C) KCNQ1-F339C; scale bar equals 50 pA.
(D) KCNQ1-F340C; scale bar equals 1280 pA.
(E) Summary values of activation kinetics expressed as rise time to
half maximal current for wild-type and cysteine-substituted  sub-
units.
action at this site. (Note that all currents in Figures 5
and 6 were generated in transient transfections with a
5:1 ratio of KCNE-encoded-subunit: subunit to com-
pletely saturate channel complexes.)
KCNQ1 S6 Mutations Mirror Mutations in the
KCNE Activation Control Region
The specific alterations in the ability of KCNE3 and
KCNE1 to modulate S338C and F340C KCNQ1 closely
resemble the specific alterations we observed in muta-
Figure 8. Cysteine-Substituted KCNQ1 Mutants with Altered Regu-tions of the activation-controlling region in KCNE3 and
lation by KCNE1 and KCNE3 Exhibit Lower Binding Affinity
KCNE1, respectively. Activation kinetics of KCNQ1-
(A) Summary values estimating the percent of channels not associ-F340C expressed with KCNE1 resembled wild-type
ated with KCNE1 when cotransfected at a 1:1 molar ratio.
KCNQ1 with KCNE1-F57T/T58V, and KCNQ1-S338C ex- (B–E) Graphic illustrating the method for estimating relative binding
pressed with KCNE3 was similar to wild-type KCNQ1 of each cysteine-substituted  subunit to KCNE1.
(B) Current from KCNQ1-expressing cells.with KCNE3-V72A (Figure 9A; Melman et al., 2002).
(C) Current from cells co-expressing KCNQ1 with KCNE1.These mutations in KCNE1 and KCNE3 identified the
(D) Current data from (B) and (C) were mathematically summed andkey sites for specific controlling of activation kinetics.
plotted, showing a biphasic activation pattern.KCNE3 V72A converted KCNQ1 into slower KCNE1-like
(E) KCNQ1-S338C co-expressed with KCNE1 at 1:1 molar ratio. The
currents, and KCNE1 F57T/T58V produced rapid, KCNE3- amplitudes of each of the two phases were used to estimate the
like currents (Figure 9A). These results suggest that percent saturation shown in a using the indicated formula. In all
cases, holding potential was 80 mV, and depolarizations from 100amino acids 338–340 of KCNQ1 S6 are perturbed by
mV to 100 mV were applied.the precise segments of KCNE1 or KCNE3 that specify
(F) Western blot of cell lysates transfected with KCNQ1 or cysteine-control of gating.
substituted mutants to compare expression levels.
Discussion
structure of KvAP represented a leap in our understand-
ing of voltage-gated channels (Jiang et al., 2003a,Gating of potassium channels and the mechanism of
control of KCNQ1 by KCNE-encoded subunits are the 2003b), there is much to be learned about the precise
mechanism of gating in these channels. The control ofsubjects of continuing investigation. While the crystal
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cisely within the channel complex and identified critical
interacting structures. KCNE1 and KCNE3 interact with
KCNQ1 not only via the pore and conduction system,
but also form an interface extending from S5 through
the C terminus of the channel. Portions of this region,
including the pore loop itself, the S6 transmembrane
domain, and the cytosolic C terminus of the channel,
are sufficient to permit binding to KCNE1 and KCNE3.
Moreover, the entire region of KCNQ1 must be present to
accurately recapitulate the functional control of channel
kinetics by the accessory subunits. That multiple seg-
ments of KCNQ1 confer KCNE binding suggests that a
“permissive” conformation of K channel pore regions
can be attained that allows intimate association with
KCNEs rather than a discrete receptor site mechanism.
This may explain the generally observed promiscuity of
KCNE interactions with various  subunits.
We have previously shown that a single amino acid
in the transmembrane domain of KCNE1 or KCNE3 is
responsible for the dramatic differences in their ability
to control activation gating (Melman et al., 2002). Here
we have used activation kinetics as a functional probe
to investigate channel-accessory subunit interaction.
These studies delineate those interacting regions of
KCNQ1 required for functional modulation of the chan-
nel by KCNEs. Within the extended binding interface of
KCNQ1, mutations in a 3 amino acid segment of KCNQ1
S6 mirror mutations made in the key functional sites of
KCNE1 and KCNE3. Moreover, mutations of this seg-
ment of KCNQ1 alter the relative affinity for KCNE1 asso-
ciation.
Taken together, these results suggest that amino
acids 338–340 interact with the key residues of KCNE1
or KCNE3 to alter channel activation. Given that the
kinetics of activation are specified by a single transmem-
brane domain residue within KCNE1 and KCNE3, we
hypothesized that a similarly small, specific region ofFigure 9. Analysis of Functional Effects of KCNQ1 S6 Mutation
KCNQ1 interacted with KNCE proteins to effect gating(A) Comparison of effects of point mutations in KCNE-encoded pro-
kinetics.teins with mutations in KCNQ1 S6. Mutations in the critical residues
We were surprised to find that different residues ofof KCNE subunits (KCNE1-F57T/T58V and KCNE3-V72A) are mir-
rored by the KCNQ1 S6 mutations (F340C and S338C, respectively). KCNQ1 impacted the ability of KCNE1 (F340) and KCNE3
Voltage protocols schematically illustrated below. (S338) to control gating, especially since each subunit
(B) Views of KCNQ1 predicted structure fit onto either the MthK most likely occupies an identical position within the
(left) or KcsA (right) crystal structures. Residues S338 (white) and channel complex. In addition, we would predict that
F340 (red) are shown in space-filling mode. Note change in their
residues F340 and S338 are separated by over 160position relative to the selectivity filter.
around the axis of S6, further complicating our interpre-(C) Alignment of S6 of potassium channels mthK, GIRK4, KcsA, and
tation.KCNQ1 to compare regions of likely conformational change during
gating. Red box shows site of hinge point in mthK. Yellow box One possible explanation arises upon examination of
highlights potential hinge points in KCNQ1. Blue box highlights sites the crystal structures of KcsA and MthK, two bacterial
of functional interaction with KCNE-encoded subunits. potassium channels crystallized in the open and closed
(D) Proposed schematic model of control of KCNQ1 by KCNE- forms, respectively (Doyle et al., 1998; Jiang et al., 2002).
encoded subunits.
Examination of these two structures led to the proposal
that gating occurs as a consequence of a kink forming
many channels by accessory subunits is complex and in the inner helix of potassium channels, which bends
poorly understood. this helix away from the channel axis, thus opening the
Work of several groups has shed light on the mecha- conduction pathway. The S6 transmembrane domain
nism of control of KCNQ1 by KCNE proteins (Kurokawa may not be a rigid  helix, but rather a flexible region
et al., 2001; Romey et al., 1997; Tai and Goldstein, 1998; of the channel with a bend or kink. During gating, there
Tapper and George, 2000, 2001; Wang et al., 1996a). may be a rotation of residues about the axis of S6, and
Using chimeras of KCNQ1 with other potassium chan- different residues may alternately be exposed to the
nels, we have determined the regions of KCNQ1 that KCNE proteins that lie on one face of S6.
physically interact with KCNE1 and KCNE3. Exploiting While the precise structure of the KCNQ1 open and
the different effects of KCNE1 and KCNE3 on KCNQ1 closed states is not known, we can model the position
of KCNQ1 residues 338–340 on the known structures offunction, we mapped the accessory subunits more pre-
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open and closed crystallized potassium channels (mthK KCNQ4 chimeras, we noticed some differences in kinet-
and KcsA, respectively). Homology modeling of the ics among the different chimeras in the absence of KCNE
KCNQ1 pore onto KcsA is relatively straightforward. En- proteins. Splicing in of the KCNQ1 pore and surrounding
ergy minimization is more difficult to accomplish for transmembrane segments, either alone or with the
the mthK structure. Due to sequence differences in S6, KCNQ1 C terminus, converted the kinetics of activation
KCNQ1 lacks a flexible glycine at the site of the kink in of KCNQ4 to the more rapid activation of KCNQ1. In
the mthK inner helix (Figures 9B and 9C). Many voltage- contrast, the C terminus of KCNQ1 alone does not have
gated channels contain a PVP sequence that is thought this effect.
to introduce a kink at a site near this glycine. In KCNQ1, One possible interpretation is that the difference in
the analogous site contains a PAG sequence (Figure gating kinetics between these two channels is deter-
9C). Nevertheless, several studies have examined the mined by structures lining the pore and not by more
conformational changes taking place in S6 during gat- N-terminal structures such as the S4 voltage sensor.
ing, and all have suggested that kinking does occur in While movements in S4 respond to changes in the elec-
S6 during gating (Jiang et al., 2002, 2003a; Jin et al., tric field across the membrane and clearly set an upper
2002; Seebohm et al., 2003). limit for the maximal rate of opening, our results point
Comparison of the two hypothetical structures sug- to a role for structures in the channel pore and S5/S6
gests that gating occurs as a consequence of a kink helices in controlling the rate at which these conforma-
forming in S6, which deflects the C-terminal portions of tional changes are translated into channel gating.
the helix away from the channel axis to open the channel KCNEs also control gating kinetics, a role that would be
(Figure 9B). Residues 338–340 of KCNQ1 are predicted consistent with interactions with these same regions of
to lie near the kink, such that if S6 rotates during gating, the channel.
the helical turn of residues 338–340 rotates about the It is interesting to note that the S6 residues we mu-
axis of S6. This rotation may serve to expose different tated are conserved between KCNQ1 and KCNQ4. More
residues within the S6 helix to KCNE proteins that oc- divergent sequences are found either N- or C-terminal
cupy a constant position along the helix. to S6. The region of KCNE subunits predicted to interact
Our studies show that two residues separated by half with S6, however, has fairly divergent sequence within
a helical turn on S6 affect the ability of KCNE proteins the KCNE family. This is consistent with a model where
to modulate activation gating kinetics. Thus, each of unique KCNQ1 motifs, remote from the gating machin-
these residues, 338 and 340, may be exposed to KCNE ery, bind the accessory subunit to precisely anchor the
proteins at different stages of the gating process. While KCNE1 or KCNE3. The specificity of regulation comes
the true structure of KCNQ1 is unknown, examination of from unique sequences within that portion of KCNE1
other K channel structures suggests that a kink would or KCNE3 that precisely interacts with the conserved
likely form, placing residues 338–340 at or near the loca- components of the channel’s gating machinery (Figure
tion of critical conformational changes during gating. 9D). Our work thus describes an unusual and novel
That the activation kinetics of two KCNQ1 S6 site mechanism of regulation of a potassium channel by its
mutants mirror mutations in the critical residues of accessory subunits and localizes them with more pre-
KCNE1 and KCNE3 (Figure 9A) suggest that the acces- cise resolution within the channel complex.
sory subunits directly abut S6 of the channel to regulate
activation gating. This model is supported by work from Experimental Procedures
other groups, suggesting that KCNE1 may lie close to
or form part of the channel’s conduction pathway and Cell Culture and Transfection
HEK 293T cells were maintained in RPMI 1640 medium supple-hence lie near S6 (Chen et al., 2003a; Kurokawa et al.,
mented with 10% FCS (Hyclone) and Penicillin/Streptomycin2001; Tapper and George, 2000, 2001; Wang et al.,
(GIBCO) at 37C and 5% CO2. Gene transfer was performed using1996a).
Lipofectamine 2000 (Stratagene). Briefly, for a 60 mm dish of 293Several groups have reported a critical role for the C
cells, 1 mg of  subunit cDNA and 0.5 g of KCNE subunit cDNA
terminus of KCNE1 (Romey et al., 1997; Takumi et al., were premixed with 5 l Lipofectamine in 0.8 ml serum-free medium
1991; Tapper and George, 2000). KCNE1 function is sen- and incubated 15 min at room temp. The solution was then added
sitive to mutations in the C terminus, and several dis- to the dish and cells grown at 37C for 24 hr, when medium was
changed. Cells were then harvested at 36–48 hr.ease-causing mutations cluster in this region. Deletion
CHO cells were maintained in Ham’s F-12 media supplementedof the C terminus or substitution of a different K channel
with 10% FCS and Penicillin/Streptomycin at 37C and 5% CO2.C terminus also abolishes function. In addition, an inter-
Gene transfer was performed using 15 g of Qiagen Midiprep puri-action between the KCNE1 C terminus and the KCNQ1
fied plasmid DNA. Cells were electroporated at 225 V, 72	, 1800
pore has been reported (Romey et al., 1997). Our data F with cytomix media (van den Hoff et al., 1992). We performed
do not directly address the role of the KCNE1 C terminus; electrophysiology studies 24–48 hr after transfection. Molar ratios
however, our previous work showed that the C termini of 5:5:1 of KCNQ1:KCNE:GFP plasmid were used to allow identifica-
tion of transfected cells by fluorescence. For studies comparingof KCNE1 and KCNE3 do not determine the specificity
relative saturation of KCNQ1 currents, identical ratios were main-of activation gating control by these proteins (Melman
tained to allow relative comparison of different mutants.et al., 2001). Instead, the C termini probably function as
crucial anchoring or positioning regions. In light of the
Coimmunoprecipitationimportance of the KCNQ1 C terminus for the function of
HEK cells in 60 mm dishes 36–48 hr posttransfection were placed
the KCNE1, it is tempting to speculate that the cytosolic on ice and lysed with ice-cold NDET buffer (1% NP-40, 0.4% Deoxy-
domains of the two proteins may interact as part of the cholic acid, 5 mM EDTA, 25 mM Tris [pH 7.4]) with complete protease
KCNE1-KCNQ1 interaction. inhibitor cocktail (Roche) for 10 min. Cells were then scraped into
1.5 ml eppendorf tubes and spun at 16,000 
 g for 10 min. TheIn comparing the activation kinetics of the KCNQ1-
Neuron
936
supernatant was then incubated with 30 l Immunopure Ultralink its reverse complement with specific codons changed to substitute
a cysteine at each location.protein G agarose (Pierce) and 10 l rabbit anti-myc antibody. Sam-
ples were incubated with shaking 2 hr at room temp, washed 6 Primers were subjected to PAGE purification prior to their use in
mutagenesis, as previously described. Using pfu polymerase (Stra-times with ice-cold NDET, and eluted by incubation with 40 l SDS-
PAGE sample buffer for 10 min at room temp. tagene), PCR cycling was performed using primer pairs, and either
HA-tagged KCNE1 or KCNE3 cloned into pcDNA3.1 as a template.
Reactions were digested with 0.5 l of DpnI (New England Biolabs)
SDS-PAGE and Western Blotting for 3 hr at 37C and then transformed into electrocompetent bacteria
Immunoprecipitated samples were loaded on 12% gels and run at using a BTX electroporator set at 2.0 kV, 72	 resistance to recover
150 V for 4–5 hr at room temp. Gels were transferred to 0.2 m pore the mutated plasmid. All clones were verified by sequencing and
nitrocellulose membranes (Schleicher and Scheull) using semidry produced/purified for use using Qiagen Midi-preps.
transfer apparatus (Owl Scientific) at 200 mA for 3 hr. Membranes
were incubated in 10% milk (Carnation) in 1
 TBS-0.05% Tween
Electrophysiology20 for 1 hr at room temp, and then overnight with primary antibody—
Electroporated CHO cells were grown on sterile glass coverslipseither 1:250 9E10 monoclonal anti-myc antibody (Santa Cruz Bio-
and placed in an acrylic/polystyrene perfusion chamber (Warnertech) in 5% milk or 1:2000 M2 FLAG antibody (Sigma). Blots were
Instruments) mounted in an inverted microscope outfitted with fluo-washed with three 5 min washes at room temp. Secondary antibody
rescence optics and patch pipette micromanipulators. Extracellularin both cases was 1:10,000 HRP coupled Rabbit anti-mouse anti-
solution was NaCl 150 mM, CaCl2 1.8 mM, KCl 4 mM, MgCl2 1 mM,body (Pierce). After 45 min incubation at room temp, blots were
glucose 5 mM, and HEPES buffer 10 mM (pH 7.4) at room tempera-washed 5 
 5 min at room temp and exposed using Kodak BMS
ture. Intracellular pipette solution was KCl 126 mM, K-ATP 4 mM,or BMR film.
MgSO4 2 mM, EGTA 5 mM, CaCl2 0.5 mM, and HEPES buffer 25
mM (pH 7.2) at room temperature. The whole-cell configuration of
Immunofluorescence the patch clamp technique was used to measure potassium currents
HEK 293 cells were transiently transfected as above. 24 hr after (Hammill et al., 1981). An Axopatch 1D patch-clamp amplifier was
transfection, they were treated with trypsin and allowed to settle on used and protocols were controlled via PC using pCLAMP8 acquisi-
square glass coverslips. 48 hr after transfection, cells were fixed in tion and analysis software (Axon Instruments). The standard holding
4% paraformaldehyde in PBS for 20 min at room temperature, rinsed potential was 80 mV, and insets show applied voltage protocols.
once in PBS, and permeabilized with 0.3% triton X-100 in PBS. Cells Data was filtered using an 8-pole Bessel filter at 4 kHz and sampled
were blocked with 5% BSA in PBS for 30 min and probed with anti- at 8 kHz. The ratio of constitutive to total current was calculated
myc antibody (9E10 hybridoma supernatant) at 1:200 dilution in 5% using the ratio of the height of the instantaneously appearing current
BSA with 0.1% NP-40 for 1 hr. Cells were washed with PBS and to total developed current during the 100 mV depolarization. Activa-
0.1% NP-40 solutions and incubated with Alexa FLUOR 647 goat tion kinetics were quantified as a rise time to half max following an
anti-mouse IgG (Molecular Probes) at 1:5000 dilution. Cells were 80 mV depolarization from 80 mV. Depolarizations were held for
again washed with PBS and 0.1% NP-40 in PBS three times each and sufficiently long times to allow currents to saturate for calculation
mounted on slides using Gel/Mount (Biomeda Corp.). Fluorescence of rise times.
images were acquired using an Olympus IX70 microscope with 60

PlanApo objective and Photometrics Censys cooled CCD camera. Homology Modeling
Image files were subject to deconvolution with Powerhazebuster Modeling and refinement to KcsA and mthK were done as previously
(Vaytek) and analyzed with Adobe Photoshop. described (Tapper and George, 2001). Briefly, the KcsA and mthK
sequences were aligned with the KCNQ1 S5, pore, and S6 se-
quences. The SWISS-MODEL program was used for homology mod-Plasmid Construction
eling, and Swiss-pdb viewer (http://www.expasy.org/spdbv/) wasMyc-KCNQ1 was made by cutting KCNQ1 in pcDNA3 using eco47III
used to visualize the resulting models (Guex and Peitsch, 1997).and BamHI and ligating into pCMV Tag 3b (Stratagene) that had
been cut with SrfI and BamHI. FLAG KCNE1 and FLAG KCNE3 were
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